A membrane-bound adenosine triphosphatase (EC 3.6.1.3) that requires Mg++ and that is stimulated by monovalent ions has been purified 7-to 8-fold from homogenates of oat (Avena sativa L. Cult. Goodfield) roots by discontinuous sucrose-gradient centrifugation. The enzyme was substrate specific; adenosine triphosphate was hydrolyzed 25 times more rapidly than other nucleoside triphosphates. The membrane fraction containing adenosine triphosphatase was enriched in plasma membranes, which were identified by the presence of a glucan synthetase (EC 2.4.1.12), a high sterol to phospholipid ratio, and by a stain consisting of periodic acid, chromic acid, and phosphotungstic acid that is specific for plant plasma membranes. Oat-root plasma membranes and the associated adenosine triphosphatase were purified on either a 6-layer discontinuous sucrose gradient or on a simplified gradient consisting of only two sucrose layers.
exists between the KCl-or RbCl-activated component of the ATPase and K+ or Rb+ absorption by root tissue (9) . Also, the kinetics of monovalent-ion transport into roots and the kinetics of monovalent ion-stimulated ATPase are similar (8, 9) . However, in order for this ATPase to be involved in energy transduction for ion transport, it should be associated with one or both of the membranes involved in active ion transport (i.e., either the plasma membrane or tonoplast), and this has not been demonstrated.
It is difficult to isolate and identify the membrane system containing the ion-stimulated ATPase because of the ubiquity of membrane-associated ATPases in plants (12) (13) (14) and the paucity of known membrane "markers" for plant cells (14) . We have recently found, however, that the membrane system containing the monovalent ion-stimulated ATPase can be separated from nearly all the other membranes on either continuous or discontinuous sucrose gradients (14) . In this paper, we show that this membrane system has a high sterol: phospholipid ratio, which is characteristic of animal plasma membranes, (15, 16) and that it is enriched in a glucan synthetase (glycosyl transferase, EC 2.4.1.12), which is associated withl plant plasma membranes (17) . In addition, the isolated membranes were stained with PACP (a special stain consisting of periodic acid, chromic acid, and phosphotungstic acid; see refs. 18, [27] [28] [29] , which specifically stained oat-root plasma membranes in situ. These results provide the first evidence that the plant-root ATPase, which is stimulated by monovalent ions, is associated with the plasma membrane, and this finding serves to further implicate the enzyme in the absorption of inorganic ions by plant roots.
METHODS
Oat (Avena sativa L. Cult. Goodfield) roots were grown as described in ref. 14 * The material remaining in the membrane overlay after centrifugation was removed and designated as zone A. Zones B through F refer to protein bands that occurred over the sucrose layers given in the first column.
interfaces. They were removed with a Pasteur pipette, either assayed directly or diluted with 1 mM MgSO4-1 mM Tris-MES (pH 7.2), and then pelleted and resuspended in 1 mM MgSO4-1 mM Tris-MES before assay.
A TPase Assay. Adenosine triphosphatase activity was measured as described in ref. 14. The final concentration of reaction components was 3.0 mM ATP-Tris, 1.5 mM Mg-SO4, 33 mM Tris-MES (pH 6) (or pH 9, Table 4 ), and when added, 50 mM KCl in a final volume of 1 ml. Reactions were initiated by addition of 20-40 Ag of membrane protein. Pi release was estimated according to Fiske and SubbaRow (19) . Protein was determined by the method of Lowry et al. (20) with care being taken to eliminate sucrose as an interfering substance in the assay (21) .
Lipid Analysis. Lipids were extracted from membrane fractions and washed according to Folch et al. (22) . Lipid-P was determined by the procedure of Rouser et al. (23) , and total sterols were determined as described by Stadtman (24 with lead citrate or with PACP, which preferentially stains plasma membranes of plants (18, (27) (28) (29) .
RESULTS
The KCl-stimulated ATPase is enriched 7-to 8-fold in zones E and F of the discontinuous gradient (Table 1 ). Other zones of the gradient were also enriched in the enzyme, but the highest specific activities were in zones E and F. Emphasis was placed on the KCl-stimulated activity since this was the enzyme activity previously shown to be correlated with ion transport (9) , and, in addition, it is necessary in order to distinguish this enzyme from a soluble acid phosphatase (8) present in the homogenate (note homogenate ATPase activity in absence of KCl, Table 1 ). ATPase of membranes collected at zone F of the discontinuous gradient was highly substrate specific (Table 2) , ATP was hydrolyzed at least 25 times more rapidly than the other nucleoside triphosphates examined. By contrast, the crude homogenate exhibited little specificity for the various nucleoside triphosphates. To identify the membrane system containing the KClATPase and to evaluate the purity of the membrane fraction, we have determined the distribution on the gradient of 25 other enzymes. All enzymes measured (including nucleoside mono-, di-, and triphosphatases, glucose 6-phosphatase, pyrophosphatase, acid-and alkaline-phosphatase, cytochrome c oxidase, NADH-and NADPH cytochrome c reductase), except for the KCl-ATPase and a glucan synthetase (14) , had lower specific activities in zones E and F than in the membrane overlay. For glucan synthetase, actual values for incorporation of UDP-[U-14C]glucose (1 MAmol/ml) into total polysaccharide for 0-80K, 0-13K, and 13-80K fractions, and zones E and F from the gradient were 2.93, 1.60, 6.60, 14.92, and 11.60 nmol/mg of protein per min, respectively (14) . Enrichment of this enzyme in zones E and F is particularly interesting because this enzyme has been reported to be asstained with PACP (X38,000). (4) Oat-root stelar parenchyma cell stained with PACP (X38,000). (5) Total membrane fraction (0-80K) of oat roots stained with lead citrate (X 23,000). (6) Purified membrane fraction (zone E-F from simplified discontinuous gradient) stained with lead citrate (X23,000). (7) Total membrane fraction (0-80K) of oat roots stained with PACP (X23,000). (8) Purified membrane fraction (zone E-F from simplified discontinuous gradient) stained with PACP (X 23,000).
Abbreviations: W, cell wall; PM, plasma membrane; ER, endoplasmic reticulum; T, tonoplast; M, mitochondria; V, vacuole; N, unidentified membranes that do not stain with PACP. sociated with Golgi apparatus membranes (25) and/or plasma membranes (17) of higher plant cells. It is unlikely that zones E and F contain Golgi membranes since IDPase is a "marker" enzyme for Golgi membranes in plant cells (25, 26) , and this enzyme is enriched in zone C of the gradient (14) . Thus, the enrichment of both the glucan syntheiase and ion-stimulated ATPase in membranes of zones E and F suggests that these fractions are rich in plasma membranes, and the low specific activities (as compared to the membrane overlay) of all other enzymes measured to date indicate that these fractions contain predominantly one type of membrane. Another possible way of identifying the membrane system in question is by its chemical composition. In animal cells, the plasma membrane is unique (as compared to other cytoplasmic and organelle membranes) in that it has a high cholesterol: phospholipid ratio (15, 16) . Since plasma membranes were the suspected site of the KCl-ATPase, we determined the total sterol and phospholipid content of various membrane fractions (Table 3) . Membranes of zone E contained the most sterol per unit protein, and the membranes of both zones E and F had high sterol: phospholipid ratios. The types of sterols and phospholipids in plant membranes are unknown, but if we assume average molecular weights of 387 (cholesterol) and 750, respectively, molar ratios of sterol: phospholipid of 1.1 and 1.2 were obtained for the membranes of fractions E and F. Typical molar ratios of cholesterol: phospholipid for purified animal plasma membranes range from 0.7 to 1.2 (ref. 16 and literature cited within). These results further support the contention that the membranes collected at zones E and F are plasma membranes.
Membranes containing the KCl-ATPase can be purified by a simpler discontinuous gradient than the one previously used. The simplified gradient consists of 30 ml of 45% (w/w) sucrose, 6 ml of 34% (w/w) sucrose, and 2 ml of membrane overlay. Basically, this gradient combines zones E and F of the more complex gradient (i.e., Tables 1 and 3 ) into a single zone referred to as zone E-F (Table 4) . Specific activities of the KCl-ATPase and other enzymes of zone E-F of the simplified gradient are similar to those found in zones E and F of the more complex gradient. Thus, the two gradients gave nearly identical purification of the KCl-ATPase.
By the simplified gradient, about 20% of the total KClATPase was recovered in zone E-F (Table 4) . By comparison, only 4% of the cytochrome oxidase activity (a mitochondrial marker) and 3% of a pH 9, KCl-ATPase activity, which is a measure of other membrane ATPases (14) , were recovered in this fraction. Thus, with this simple isolation procedure the KCl-ATPase was enriched 7-to 8-fold, and about 20% of the enzyme was recovered.
The plasma membranes of oat root cortical (Fig. 2) , epidermal (Fig. 3) , and stelar parenchyma (Fig. 4) cells were specifically stained by PACP, a stain that is known to be specific for plasma membranes in plants (18, (27) (28) (29) . No other cell membranes were stained with PACP (compare Fig. 1 , which is a cortical cell stained with lead citrate). Occasionally, the plasma membranes of some cortical cells showed little or no staining with PACP, but in no case was PACP staining observed in membranes other than the plasma membrane.
Isolated membranes collected in a 0-80K fraction (total membrane fraction) and in zone E-F (purified membrane fraction) of the simplified gradient were stained with lead citrate (Figs. 5 and 6) and PACP (Figs. 7 and 8 ). The 0-80K fraction contained various membrane structures as expected (Fig. 5 ) and a few membrane vesicles and pieces that stained with PACP (Fig. 7) ; the latter are assumed to be plasmamembrane fragments. The purified fraction (zone E-F) contained mostly vesicles of various sizes (Fig. 6) , and most of these structures were stained by PACP (Fig. 8) . By visual inspection of many micrographs and by actual counting of stained and nonstained membrane intersections with parallel lines drawn on a transparency and laid over electron micrographs (28, 30), we estimate that over 75% of the membranes in the purified fraction are stained by PACP. Thus, the membrane fraction enriched in KCl-ATPase is also highly enriched in plasma membranes. DISCUSSION A monovalent ion-stimulated ATPase of oat roots has been extensively purified, and the characterization studies re- ported here indicate that this enzyme is associated with the plasma membrane. Purification of plasma membranes from plant roots has not been reported previously. There are only two reports dealing specifically with the purification of plant plasma membranes (27, 31) . Morre et al. (27) obtained a membrane fraction enriched by "not more than 50%" from onion-shoot meristems (more recent studies indicate that the purified fractions contain 65-75% plasma membranes; Morr6, personal communication). Lai and Thompson (31) claimed to have purified plasma membranes from bean cotyledons, but they gave no estimate of the purity of the plasma membrane fraction. The procedure used in this study yields a membrane fraction enriched in plasma membranes (in exdess of 75%), and it is simple and rapid. The method is also satisfactory for isolation of plasma membranes from corn and barley roots, but with these tissues, membranes frequently aggregate on the gradient. This problem can be eliminated by omission of MgSO4 from gradient solutions. Thus, with only minor modifications, the procedure described here for isolation of oat-root plasma membranes should be useful for the isolation of plasma membranes from other plant tissues.
We have previously shown that a high correlation exists between the KCl-or RbCl-stimulated component of the ATPase and K+ or Rb+ absorption by roots of several plant species (9) . The demonstration here that this ATPase is associated with plasma membranes further implicates the enzyme in inorganic ion transport. This situation is similar to that of the Na+-+ K+-stimulated ATPase of animal plasma membranes and the participation of this enzyme in Na+ and K+ transport (10) . However, the oatroot plasma membrane ATPase is quite different from the animal ATPase in that it is neither synergistically stimulated by Na+ and K+ nor inhibited by ouabain (8) . The lack of ouabain inhibition of the ATPase is not surprising, however, since ouabain does not inhibit ion transport in plant roots (5) . Preliminary results with the purified membrane fraction confirm our earlier findings (8) that the ATPase is stimulated to different extents by different monovalent salts and that both the cation and anion contribute to the stimulation. Thus, it appears that plasma membranes of plant roots possess a mechanism of energy transduction for active ion transport similar to that of animal cells, but the ATPases themselves have some important differences.
